In urban areas traffic-calming strategies and pedestrian friendly measures are often adopted to reduce the adverse impacts of motor vehicles on vulnerable users. This study surveyed 24 raised pedestrian crossings (RPCs) to examine their geometrical and functional characteristics. Geometric characteristics, location, administrative and effective vehicle speed, and the whole-body vibration acceleration induced to vehicle occupants while they are passing over, were considered. In addition to the analysis of the field data, geometrical and functional criteria to design RPCs were carried out. Particularly, two design approaches have been considered. In the first one, RPC provides a designated route across a carriageway raised to the same level, or close to the same level, as the sidewalks that provide access to the pedestrian crossing. In such condition, an RPC is not a traffic-calming device and its design should satisfy geometrical and comfort criteria for designing roads. The results from the surveys demonstrated that less than 10% of RPCs guarantee ride comfort. According to the second design approach, an RPC acts both as a marked pedestrian feature and as a traffic-calming device (i.e., it is trapezoidal in shape with sharp edges). The analysis of the vertical accelerations on vehicle occupants reveal that more than 90% of the surveyed RPCs comply with geometrical and dynamic criteria for speed tables. Extreme variations concerning the observed geometrical characteristics of RPCs and the modelled dynamic performances have been observed: It results in noneffective treatments. Therefore, the results of this study would contribute to providing geometric best practices for overcoming the regulation gap in this subject, and designing RPCs according to international standards.
Introduction
Pedestrian safety is one of the main concerns in modern society. Each year, more than 270,000 pedestrians lose their lives on the world's roads, and they constitute two thirds of all road traffic deaths [1] . Despite the reduction of fatalities in European countries in recent years, an increase in fatalities in urban areas has been recorded [2] [3] [4] [5] . As a consequence, traffic engineers and urban planners have increased their focus on vulnerable road users [6] [7] [8] [9] [10] . Accordingly, traffic safety countermeasures have been developed in urban areas to improve the safety of pedestrians and cyclists [11, 12] . The most important factor in pedestrian injuries from vehicle collisions is the impact speed [13, 14] . Therefore, the most frequently adopted countermeasures aim to reduce vehicle speed, to regulate traffic flow within a road section, and to increase drivers' attention. These aspects are important in the actual panorama where the concept of urban walkability is being introduced and the attention paid to two Italian standards for designing roads and speed tables. The results of the study could be adopted to properly design RPCs or speed tables where pedestrian crossings are planned.
Methods
In this study, the authors proposed a geometrical and functional analysis of raised pedestrian crossings considering their geometry, layout, and traffic. The study is composed of an in situ survey and a post-processing analysis. Table 1 represents the survey sheet used during fieldwork to check the main attributes of each RPC. [39] .
In the top part of the sheet, the road identification data are recorded: Branch name, section ID, GPS coordinates reference, and Google Street View ® weblink; geolocation data are useful during the back-analysis process. In the bottom part of the sheet, the recorded road parameters are: Road type; administrative speed limit of the road; value of the measured speed; pavement condition assessment of the RPC area in order to identify and report localized distresses such as depression produced by the vehicle dynamic loading while passing along the RPC; RPC materials; and presence of additional countermeasures for speed control (i.e., horizontal marking, vertical marking, sight obstacles, and illumination). For each of these parameters, road attributes are coded as numeric inputs according to Table 1 . To measure the vehicle speed, the authors used a self-made device (Figure 1a ) composed of an electronics platform able to read input light on a sensor (Figure 1b) , and two infrared sensors, a transmitter, and a receiver (Figure 1c ) which are fixed 1 m apart and are in a circuit. The self-made device for vehicle speed measurement was assembled using Arduino electronic components and a longitudinal iron bar. The instrument calculates the speed of passing vehicles based on interrupting the connection between the two IR. When a vehicle passes, the first IR transmits a signal to the electronic platform, which starts counting the time until the second IR transmits a new signal. The IRs scope ranges between 1 and 5.5 m: It allows for measuring the vehicle speed of one lane of traffic. Therefore, it can be used on a 1-lane road, or on a 2-way road with one lane per way. The device was validated with the GPS vehicle speed in the range of speed from 20 km/h to 80 km/h, finding not more than ±10% difference. All speed measures were collected under low-volume conditions (i.e., free-flow conditions). According to [40] , it occurs when drivers are free to travel at their desired speed and are not constrained by the presence of other vehicles or downstream traffic control devices. For each RPC, all the measurements occurred during four 15 min intervals within a working day. The device for measuring speed was installed at the half speed table point.
The geometrical characteristics of each RPC were measured according to [41] , using the hand-held Dipstick device [42] . These measurements allowed for the calculation of the inclination of the ramps (i a for approach ramp, i e for exit ramp), the medium height (h m ), the length of the approach ramp (L A ), the length of exit ramp (L E ), the length of flat top (L f ), and the total length of the RPC (L T ) (Figure 2) . Primary data about geometry of the surveyed RPCs are in the Supplementary Materials.
Given the longitudinal profiles, the whole-body vibrations (WBV) experienced by vehicle occupants were estimated by simulating the passage of the full car model on each surveyed RPC. An 8-degrees-of-freedom (dof) vehicle model full car simulated the passage at 4 speed values [38, 43] The 8-dof vehicle model was developed by Cantisani and Loprencipe [38] , and was calibrated in order to represent the behavior of a passenger car using the ISO 2631 approach [44] , calculating the vertical frequency-weighted accelerations (a wz ) as described in the same standard.
First, considering each of the longitudinal profiles of surveyed RPC, the vertical accelerations a z in the time domain were calculated at the 4 speeds considered. After, the mean square accelerations (RMS) of the root were calculated through the evaluation of the power spectral density, in correspondence with all 23 bands of a third of an octave, covering the frequency interval of interest for the human response to vibrations (between 0.5-80 Hz), as specified by the technical standards in use.
So, the RMS accelerations (calculated of each profile and of each speed) were used to calculate the vertical weighted RMS acceleration (a wz ) using Equation (1):
where W k,I are the frequency weightings in one-third octave bands for seated position, provided by the standards, and a iz is the vertical RMS acceleration for the i-th one-third octave band.
This method (Figure 3 ) allowed the evaluation of the vertical accelerations in order to analyze the comfort of car passengers [39, 45, 46] . 
Results
This study is based on the results of surveys carried out on RPCs in Italian urban areas (Figure 4 ). Twenty four two-way roads with RPCs were considered (each observed RPC is named as "site N", where N ranges between 1 and 24; when two directions have been measured, the letters "a" and "b" are added after the ID "site N"). The campaign consisted of visual surveys, measurements of the RPC's geometrical characteristics, and measurement of the effective speed of vehicles passing along the RPC. Table 2 summarizes the results of the visual surveys. It highlights that pavement depressions before RPCs and localized damages on RPCs are 21% and 34% of the survey sample, respectively. For all the surveyed RPCs vertical signs were present, while only 17% had horizontal markings on the RPC; 12% of sites did not have horizontal markings after ramps. Figure 5 shows the most frequently observed distresses and damages on the road pavement: Depressions on the access ramp (Figure 5a ) or after the exit ramp (Figure 5b ), and grooves on the pedestrian crossing surface (Figure 5c ) or after ( Figure 5d ) the RPC, which indicate vehicle-pavement contact. Figure 6 shows the RPC longitudinal profile obtained from Dipstick for two surveyed RPCs (i.e., site 1b and site 17 in Figure 6a ,b, respectively) where the administrative speed limit is 40 km/h. Both curves describe the pavement profile along the centerline of each RPC.
During the surveys, the self-made device measured the effective speed of vehicles through each RPC: Figure 7a ,c represent the relative speed distributions measured at the half speed table points of site 1b and site 17 (i.e., profiles in Figure 6a ,b) respectively. Although the speed distribution is discrete, the Gaussian curve can fit the experimental values: Figure 7b ,d refer to the relative speed distributions in Figure 6a ,c, respectively.
The results in Figure 7 highlight that about 14% and 7% of drivers passing through site 1b and 17, respectively, do not respect the speed limit (i.e., 40 km/h).
Given the longitudinal profiles in Figure 6 , Figure 8 shows the trend of the calculated values of a z that could be experienced on board at four speed values (i.e., 20 km/h, 30 km/h, 40 km/h, and 50 km/h). These values are even more than the administrative speed limit set for site 1b and 17, but they reflect the surveyed speed values. In regards to site 1b, Figure 8a Given the results of each survey/survey site, an aggregate analysis of the collected data was carried out in order to investigate the characteristics of RPCs. Particularly, the relationships between the identified physical and geometrical characteristics (i.e., speed limit, inbound and outbound ramp slopes, elevation difference) have been examined.
The measurements from Dipstick have been processed in order to have symmetrical longitudinal profiles of the surveyed RPCs ( Figure 9 -some symbols will be explained after). The overall length L t is composed of a two-branch approach curve where the parts are L a,1 and L a,2 , the flat top length L c , and a two-branch exit curve where the parts are L e,1 and L e,2 . Particularly, approach and exit ramps have the same longitudinal slope (i.e., i) and length (i.e., the sag curves L a,1 and L e,1 have the same length, and the crest curves L a,2 and L e,2 have the same length). The flat top surface is parallel to the road pavement before and after the RPC (i.e., the RPC height is constant and equal to h). Primary data about geometry of the surveyed RPCs are in the Supplementary Materials. Table 4 lists the results. 
Number of RPCs
In Table 4 the majority of the RPCs have a slope between 5% and 10%, and are 4-12 cm high. Moreover, 4.17% and 12.50% of the surveyed RPCs do not fit the maximum longitudinal slope and the maximum sidewalk height (i.e., 10% and 15 cm, respectively) permitted by the Italian standard [47] . The obtained results highlight a great variety of configurations: Figure 10 represents the measured longitudinal profiles for roads where the administrative speed limit is 30 km/h. On the other hand, the normalization of profiles with respect to the RPC overall length points out the geometrical differences better: The curves in Figure 11 allow comparison qualitatively of the slopes of RPCs in Figure 10 . Moreover, the values of the 85th percentile of measured speeds (v 85 ) are reported because they are correlated with i: In most of the analyzed cases as slope index of the ramp increases, the speed of vehicles decreases. Figure 11 represents the measured longitudinal profiles for roads where the administrative speed limit is 30 km/h. For administrative speed level equal to 30 km/h, the average values of measured speed are between 18 and 45 km/h, and the standard deviation increases with the increase of the average speed (v a ). For administrative speed level equal to 40 km/h, both the average values and the standard deviation are comparable to each other. In Figure 12b , the blue curve differs from the others because of the non-correct geometry and non-adequate marking: Regular users of the road (site 24) limit their speed because they have experienced the RPCs and aim to prevent vehicle damage caused by contact with the pavement (e.g., grooves in Figure 5c,d) .
It is therefore necessary to build RPCs according to geometrical standards, not overlooking functional requirements. Indeed, the calculation of a z for different speed values revealed that vertical accelerations on the vehicle occupants are related to the longitudinal slope of the access ramp. Figure 13 shows a linear correlation between max a z and i a . The results in Figure 13 refer to all the observed 24 sites; data about the calculated vertical accelerations are available in the Supplementary Materials.
For each value of vehicle speed, the coefficient of determination R 2 of the dashed trend lines is not less than 0.83.
Moreover, the longitudinal slope of access ramp affects the vehicle speed: For each surveyed site, both v a and v 85 decrease when i a increases. Figure 14 refers to 16 RPCs (data about site 17 are lacking) where the speed limit is 30 km/h: A similar logarithmic trend has been observed when v is 40 km/h.
Finally, the dynamic analysis of vehicle passage revealed that there is no correlation between max a z and h m , as confirmed by Figure 15 . The results in Figure 15 refer to all the observed 24 sites.
However, the high values of max a z in Figure 15 highlight that often the surveyed RPCs are used for traffic calming. Particularly, 99% of the simulated passages induce a vertical acceleration on occupants higher than 0.6 m/s 2 , which is the maximum value permitted by [47] for comfort reasons. Therefore, this value has been adopted as one of the examined criteria to design RPCs. 
Discussion
In regards to Figure 9 , in the post-processing phase, the authors assumed two design approaches: The first one complies with the Italian standards about geometrical rules to design roads [47] , and the second one complies with the Italian driving code [48] .
The first approach assumes that RPCs are routes across carriageways raised to the same level, or close to the same level, as the sidewalks that provide access to the pedestrian crossing. Therefore, they do not have traffic-calming purposes. Three conditions should be filled: The contact between any part of the reference vehicle and the pavement should be avoided, the ride comfort experienced by driver and passengers should be guaranteed limiting the vertical acceleration, and the stopping (for crest curves) and heading (for sag curves) sight distance should be verified.
In order to avoid contact between vehicle and pavement, geometrical criteria are defined by [49] to design crest and sag vertical curves: The minimum vertical radius is 20 m (R vmin2 ) and 40 m (R vmin1 ), respectively. Therefore, the absolute value of the maximum value of the vertical acceleration over a crest is higher than that over a sag: It is because of the different value of the permitted minimum vertical radius (R vmin ). Given the same vehicle speed and the minimum permitted value of the vertical radius, the vertical acceleration over a crest is double than over a sag (Equation (2)).
Given the two values of R vmin1 and R vmin2 , for three values of h (i.e., 5, 10, and 15 cm), the values of the maximum i and L a , L e , L f have been calculated according to Equations (2)
L a,1 = L e,1 = R vmin1 i/100 = 40 i/100 (sag curves)
The total length of the RPC has been calculated according to Equation (4):
having the conditions given by Equations (5)- (7):
L c = 4 m (8) Table 5 lists the results. Table 5 . Geometric characteristics of RPCs designed with a traffic-calming purpose criterion. The obtained values give the longitudinal profiles in Figure 16 : According to the geometric criteria, the ramp slope increases with increasing h. The results from the implementation of the proposed geometric criteria have been compared to each surveyed site: 29.2% of the sites satisfy the limits of i (i.e., site 1a, 1b, 2, 3, 4, 13, and 14).
In order to satisfy the comfort ride criterion, given the maximum vertical acceleration (a vlim ) laid down by [47] , for three administrative speed limits (i.e., 20, 30 and 40 km/h) and three values of h (i.e., 5, 10, and 15 cm), the values of i, R vmin , L a , and L e (Figure 9 ) have been calculated according to Equations (2)- (8) and Equation (9):
where v is the administrative speed limit and a vlim is equal to 0.6 m/s 2 . Table 6 lists the geometric characteristics of RPCs according to the comfort criterion.
The values in Table 6 give the longitudinal profiles in Figure 17 . The longitudinal profiles in Figure 17 reveal that:
• For a given value of h, the comfort reasons imply longer RPCs than geometrical constrains (i.e., for h = 15 cm L t ranges between 15.11 m and 31.78 m according to the comfort criterion, while L t is 12.49 m according to the geometrical criterion). Since both criteria should be fulfilled, the most restrictive should be considered to correctly design an RPC; • For a given value of h, the slope decreases with increasing the vehicle speed;
• For a given value of v, the slope increases with increasing value of h.
According to the calculated R vmin , Figure 18 shows the longitudinal profile of an RPC having v equal to 30 km/h and h equal to 15 cm. Table 6 . Geometric characteristics of RPCs according to the comfort criterion. The results from the implementation of the proposed comfort criterion have been compared to each relieved RPC: For each surveyed site, Table 7 lists the effective and theoretical geometry of the RPCs. According to the data in Table 8 , more than 90% of the surveyed RPCs do not comply with the limits of the ramp longitudinal slope. Such conditions imply that ride comfort is not guaranteed, and the RPCs do not comply with the Italian geometric rules about road design. Table 8 . Geometric characteristics of speed tables. declared  30  7  4  4  4  12  40  5  3  3  3  9  50  3  2  2  2  6 The last criterion, about the verification of the stopping sight distance, is always verified. Given the driver's eye height is equal to 1.10 m, and the object height equal to 0.10 m, the RPC (in the study it is not more than 15 cm high) does not obstruct the driver's line of sight.
Therefore, only site 2 and site 3 (i.e., less than 9% of the overall surveyed RPCs) comply with the Italian geometrical and functional criteria to design roads (and pedestrian crossings).
Finally, the second approach consists of a pedestrian crossing on a midblock traffic-calming device that raises the entire wheelbase of a vehicle to reduce its traffic speed. Therefore, an RPC joins two objectives: To have a raised feature, and to slow the speed of approaching vehicles. Under such conditions, RPCs also perform the tasks assigned to traffic-calming devices (e.g., speed tables, speed humps, or speed bumps). Figure 19 represents a black and yellow speed table according to [49] : It is trapezoidal in shape with sharp edges of the inclined ramp. The regulation implementing the Italian driving code [49] provides geometries of features that are permitted on residential roads and living streets, but they are banned on lifelines. Table 8 lists the geometric constraints of a trapezoidal speed table.
The longitudinal profiles obtained from limits in Table 8 allowed for the calculation of a wz using the full car model: Table 9 summarizes the results. The comparison between the values of a wz obtained from surveys and calculated for speed tables highlights that two RPCs (i.e., site 1a and site 1b) do not comply with geometrical and dynamic criteria for speed tables (Table 10) . The following observations were made concerning the collected data and the adopted criteria:
• For a given value of h, RPCs designed with the geometric criterion imply lower values of L t than ones designed with the comfort criterion. It implies that when h is 15 cm the maximum value of a z reaches 3.47 m/s 2 and 6.17 m/s 2 when the vehicle passes over the crest with a speed of 30 km/h and 40 km/h, respectively; • i max increases with the increase of h (i.e., the height of the sidewalk) regardless of the adopted criterion ( Figures 16 and 17) ; • Experimental data show that the greater the longitudinal slope i a is, the lower the average speed will be ( Figure 14) . However, RPCs do not have (if properly designed) traffic-calming effects because they are the only features that allow pedestrians to cross the road without having to step onto the road itself; • In regards to the Italian standards, less than 9% of the surveyed RPCs fit the criteria to design roads (i.e., site 2 and 3), while more than 90% of them comply with the traffic-calming criterion for designing speed tables (site 1a and 1b induce a vertical acceleration on occupants higher than the maximum value permitted for speed table features);
•
The lack of regulation on geometrical and functional criteria for designing these raised pedestrian crossings result in an extreme variation: Effectiveness of these treatments is not guaranteed.
The observed differences in terms of geometrical characteristics of longitudinal profiles and induced vertical accelerations highlight that two different approaches could be pursued to design RPCs, and they cannot be mixed:
• Raised devices to enhance accessibility at crossing: The longitudinal profile of the RPC should comply with geometrical and functional criteria for designing roads. According to the Italian standard [47], the minimum vertical radius of crest and sag curves is 20 m and 40 m, respectively; the maximum the maximum vertical acceleration induced to vehicle occupants is 0.6 m/s 2 . Therefore, this device has no application limits related to road type; • Speed tables to reduce vehicle speeds (and to enhance the pedestrian environment) at crossings: It is not appropriate for bus routes or emergency routes because of the vertical accelerations induced for vehicle occupants. SCUs are traffic-calming units and aim to reduce noise and pollution from traffic in residential, local, or collector roads where the administrative speed limit is lowered compared to the ordinary administrative speed limit.
Conclusions
Road design should focus on vulnerable users, particularly when different types of users share the space. Pedestrian crossings are among the most critical road sections, where motorized vehicles and pedestrians interact. This paper starts from geometrical and cinematic reliefs carried out on twenty-four RPCs in urban areas: These activities consisted of the visual survey, the measurement of geometric characteristics of 24 RPCs through a hand-held Dipstick road profiler, and the measurement of the vehicle speed through two infrared sensors. The collected data were analyzed to calculate the whole-body vibration acceleration induced for vehicle occupants while they are passing over. In the post-processing analysis, two geometrical and functional approaches to design RPCs have been considered: Both derive from Italian standards. In the first one, RPC provides a designated route across carriageways raised to the same level, or close to the same level, as the sidewalks that provide access to the pedestrian crossing; in the second one, RPC acts as both a marked pedestrian feature and a traffic-calming device (i.e., SCU).
Regarding the first approach, both geometrical and comfort criteria should be satisfied: The comfort reasons are more restrictive than geometrical constrains. For a given h value, the overall length of an RPC is longer when satisfying the comfort criterion rather than the geometrical one. Moreover, L t depends on the administrative speed limit: The higher the value of v, the longer the value of L t .
Therefore, for h = 10 cm and v between 20 and 50 km/h, L t ranges between 13.07 m and 26.68 m according to the comfort criterion, while it is 10.93 m according to the geometrical criterion. Since both criteria should be fulfilled, the most restrictive (i.e., comfort criterion which limits the on-board vertical accelerations at a maximum of 0.6 m/s 2 ) should be considered to correctly design an RPC. The comparison between the standard limits for designing RPCs and the data obtained from surveys revealed that less than 9% of the surveyed sites comply with the considered criteria.
In regards to the second approach (i.e., pedestrian crossings as traffic-calming), it is permitted on residential roads and living streets, but it is banned on lifelines. The design of speed tables requires high values of the maximum vertical accelerations (i.e., 6.06 m/s 2 , 4.14 m/s 2 , and 1.98 m/s 2 for 30 km/h, 40 km/h, and 50 km/h, respectively) in order to induce a speed reduction. More than 90% of the surveyed RPCs' comfort ride conditions are within the limits laid down for speed tables. However, they are on urban roads where bus and emergency traffic pass, indicating they're not correctly designed.
The results of this study highlight that the lack of regulation opens up several very different features. Therefore, it is necessary to identify and define strategic priorities concerning management of urban pedestrian crossings to improve the safety level. For this purpose, geometrical and functional analyses should be carried out to identify the best strategies and overcome the regulation gap in this subject. Funding: This research received no external funding.
